ABSTRACT A new mode transducer for converting the TE 10 rectangular waveguide mode to the TM 01 circular waveguide mode is presented. The novel topology is based on two T-type junctions with in-phase excitation at their input rectangular ports. The first one is an H-plane T-junction in rectangular waveguide. The second one differs from the standard E-plane T-junction in the excitation, which is carried out by modes excited with fields having the same in-phase polarization at the input rectangular ports, and has the output port in circular waveguide. This configuration exploits the symmetry of the modes under consideration to achieve a high-purity conversion, controlling the propagating circular waveguide TE 11 mode to a maximum level of -42 dB in the whole operation band. The design bandwidth is 2 GHz centered at 12 GHz with a return loss level higher than 28 dB. In addition, the transducer can be divided in a main body plus a cover for easing the manufacturing. In order to verify the proposed geometry, a back-to-back arrangement has been measured connecting two similar aluminum transducers with four different angles between their rectangular ports (0 • , 45 • , 90 • , and 180 • ). The excellent experimental results validate the novel transducer with a measured converting efficiency higher than 98.2% in a 16.7% relative frequency bandwidth.
I. INTRODUCTION
Circular waveguides are usually excited by the fundamental TE 11 mode in a large number of devices like filters, phaseshifters, ortho-mode transducer, etc [1] - [3] . In other kind of applications, the interest relies on working with field patterns that belong to higher-order modes. For example, the TE 21 and TM 01 modes are used in tracking systems for satellite communications [4] - [6] . Modes with azimuthal symmetry like TM 01 and TE 01 are essential in rotary joints to provide continuous rotating movement about the principal axis, preserving the electrical performance [7] - [10] . The circular waveguide TE 01 mode has some special properties that make it suitable for low-loss transmission systems. Its electric field, without longitudinal and radial components, is not significantly affected by the outer wall conductivity, and its attenuation constant decreases with frequency. This behavior is also used in cylindrical cavities for obtaining TE 01p resonant modes with high quality factor for microwave filters, or for integration in other units with oscillators, gyrotrons, or highenergy systems, where frequency bands are progressively increasing and different modes need to be excited [12] - [17] . Furthermore, radial power combiners use extensively the TE 01 circular waveguide mode [18] - [20] .
In all the above applications, a transducer is compulsory to transfer the power carried by the fundamental mode in the input waveguide (typically rectangular, coaxial or circular) to the desired higher-order mode in the circular waveguide. In this work, the goal is to design a state of the art mode transducer from the rectangular waveguide TE 10 mode to the circular waveguide TM 01 mode, aiming to achieve a great performance at Ku-band with a topology suitable for accurate manufacturing.
Technical literature on this topic is very rich, from pioneer works in [7] to more recent works such as [21] - [23] .
Besides, each frequency band has its own special features. A Ku-band transducer is designed in [22] , using a door-knob probe and coaxial to circular waveguide transition in a 2.2% relative fractional bandwidth. On the other hand, [23] shows a X-band tunable transducer with a maximum tuning range of 500 MHz centered at 9.6 GHz, with 5.5% relative bandwidth. Therefore, there is a large margin for improvement as far as the bandwidth is concerned, and this has been one of the main challenges of this work.This issue is very important for modern systems operating in wider frequency bands, as the development of high-frequency amplification units based on solid state amplifiers. High-energy environments also benefit from devices with more bandwidth, avoiding the use of separate components for covering wider frequency bands. In this paper, a novel geometry is proposed and verified experimentally, obtaining a mode transducer with a measured converting efficiency of 98.2% in a 16.7% relative bandwidth. This paper is organized as follows: section II describes the design of the transducer composed by the converting section and the feeding network with the T-type junctions, discussing the symmetries of both structures and the input excitation. In addition, the theoretical results of both elements and the complete transducer are presented. Experimental results are shown in section III validating the novel design. Finally, section IV summarizes the conclusions.
II. DESIGN OF THE TM 01 MODE TRANSDUCER
The transducer proposed in this work is based on a T-type junction with sidewall coupling between a rectangular waveguide (standard WR75 in Ku-band) and an external cylinder with the same height as the waveguide. The proper routing to the input excitation, which has to be with two fields with same in-phase polarization, will be the key for obtaining a great efficiency. Therefore, this transducer is composed by the elements shown in Fig. 1 . The first element is the converting section, i.e., the structure combining the TE 10 rectangular modes at the input into the TM 01 circular mode at the output (part C in Fig. 1 ). The second element is the feeding network, routing the two arms of the converting section to the input (parts A and B in Fig. 1 ).
This topology has been selected for allowing an accurate manufacturing, as it will be seen later in section III, and, at the same time, can be devised in a modular and systematic way. This process will be used to achieve the following challenging electrical specifications: return loss level higher than 28 dB and attenuation level for the non-desired propagating mode TE 11c higher than 40 dB, from 11 to 13 (GHz), having a relative bandwidth of 16.7%.
A. BASIS OF THE TM 01 MODE OPERATION: SYMMETRIES AND EXCITATION
Since the TM 01 mode is not the fundamental mode of the circular waveguide, it is essential to analyze the symmetries of the electric and magnetic field patterns of its mode spectrum. This analysis must take into account the number of symmetry planes (1 or 2) of the involved building blocks, along with the field pattern of the excitation (the rectangular waveguide TE 10 mode). Table 1 shows the modes associated to the cases of one symmetry plane (the feeding network and the final mode transducer) or two symmetry planes (the converting section). It also shows the normalized cut-off frequencies of the circular modes involved in each case, and their well-known magnetic field pattern for easier understanding. The electromagnetic field of the TM 01 mode has Magnetic Wall (MW) symmetry (i.e., magnetic field is perpendicular to these planes as shown in Table 1 ) at the two principal planes of the part C in Fig. 1 acting as the converting section. However, the complete transducer (parts A+B+C) has only one physical symmetry plane. The different physical symmetries and the field symmetries that appear in the structure lead to the following cases:
1) When the converting section is analyzed as a separated building block, it has two physical symmetry planes and is excited with MW at both planes. Thus, when part C is considered alone, the first propagating mode in the circular waveguide is the TM 01 (see second column in Table 1 ). The TE 11 mode is not generated in this part C when it is excited with two in-phase signals with MW symmetry at its ports. 2) The feeding network composed of parts A and B is an H-plane structure (no variation along the height of the waveguide), and has only one physical symmetry plane. This means that when the feeding network is excited by the TE 10 mode at the input of part A, the electromagnetic field at the output of the parts B, has not MW symmetry (although the field is not very far from having that MW symmetry). This MW symmetry can only be guaranteed when high-order modes (for instance the TE 20 modes at the output of parts B) are fully suppressed. This could be done enlarging the waveguide connecting parts B and C (since these higher-order modes are evanescent for the operation band). However, a trade-off between compactness and performance is the preferred solution. 3) Consequently, the complete transducer integrated by parts A, B, and C has finally only one symmetry plane with MW boundary condition. In this case, the TE 11s mode is suppressed (see first column in Table 1 ), but the TE 11c can be excited (although very weakly if parts B and C have enough separation). Therefore, in the optimization of the complete transducer, the amplitude of the propagating TE 11c is included in the cost function for keeping its level under the design requirement of 40 dB. The TE 21s mode is under cut-off in the bandwidth of interest and its attenuation level is controlled by the length of the output circular waveguide.
B. CONVERTING SECTION DESIGN BY A NOVEL T-TYPE JUNCTION WITH IN-PHASE EXCITATION
The converting section is based on a symmetrical right-angle T-type junction with output in circular waveguide with even excitation. Fig. 2 shows the proposed junction, which has a different field distribution with respect to a classical T-junction in E-plane configuration. This junction has two symmetry planes, which will be both working under MW boundary condition in order to avoid the generation of the TE 11c mode, as discussed before (see third column in Table 1 ). The lateral coupling between the two rectangular waveguides and the circular waveguide is as simpler as possible to simplify the manufacturing process. For this reason, avoiding any kind of iris or slot has been a priority in this design. However, it is mandatory to include some type of matching element to obtain the required return loss level in the specified bandwidth of operation. Therefore, six parameters have been considered in the optimization process: the radius and height of two internal cylinders for matching, the radius of the external cylinder, and the radius of the output circular waveguide. Its final value is 10.77 mm, avoiding the propagation of the TE 21c mode. The height of the external cylinder is the same as the height of the WR75 standard waveguide, since in this way the manufacturing is highly simplified and the cost is reduced. Fig. 3 shows the simulated return loss response of a quarter of the structure with MW boundaries conditions at the two symmetry planes. This reduces the computational effort in the simulations, which have been carried out by CST [24] . In addition, the TM 01 is the only propagating mode in the operation band in the circular waveguide for this problem. In the inset, it can be observed the direct connection between the standard WR75 and the external cylinder without irises, and the two internal cylinders for matching. Finally, Fig. 2 shows the longitudinal section of the converting section based on the proposed T-type junction, showing the in-phase electric field at both rectangular ports.
C. FEEDING NETWORK DESIGN WITH AN H-PLANE T-JUNCTION
Once the converting section has been designed, its two excitation ports must be routed to the input by means of the feeding network, preserving the symmetry plane (see second column in Table 1 ). This network is shown in Fig. 1 and is composed by an H-plane T-junction (part A) and 180 • waveguide bends (parts B), all in H-plane configuration. All these building blocks have the height of the standard WR75 waveguide, which is used at the input. The T-junction includes a septum and an small step for improving the matching in the required bandwidth. Parts A and B have been designed separately and then connected together achieving a return loss level higher than 30 dB. In the optimization process of both parts A and B, the rounded corners due to the radius of the milling tool used in the manufacturing have been taken into account in the optimization process. Fig. 4 shows the simulated return loss of the input of the H-plane T-junction (part A) after the optimization considering the rounded corners. Fig. 5 shows the simulated return loss of the 180 • waveguide bend (part B).
D. FINAL DESIGN OF THE COMPLETE MODE TRANSDUCER
According to the described step-by-step procedure, the two elements of the transducer, i.e., the converting section and the feeding network, designed separately, are now connected. In this last stage, a final optimization is carried out to fulfill the specifications of return loss level and high-purity conversion. It is worth to note that one of the symmetry planes disappears now, and. as a result, the TE 11c circular mode is not suppressed by symmetry considerations. Nevertheless, its level can be controlled by the length connecting the 180 • waveguide bend to the converting section since its attenuation level must be larger than 40 dB. Fig. 6 shows the simulated return loss of the complete transducer with a value higher than 28 dB for the TE 10r rectangular mode (the r in the sub-index is for identifying that belongs to the rectangular waveguide) and for the TM 01 circular mode. Besides, this figure shows the attenuation of the TE 11c circular mode, higher than 40 dB, when exciting in the corresponding port by the TE 10r rectangular mode and by the TM 01 circular mode. The responses are computed in a 2 GHz bandwidth centered at 12 GHz (16.7% relative bandwidth). The inset shows the electric field conversion between the input TE 10 mode in the rectangular waveguide and the output TM 01 mode in the circular waveguide. . Simulated response of the complete transducer: return loss for the TE 10r rectangular mode (solid red line) and TM 01 circular mode (dashed red line), attenuation of the TE 11c circular mode (transmission from the TE 10r at the rectangular port to the TE 11c at the circular port, solid blue line), and attenuation of the TE 11c circular mode (transmission from the TM 01 at the circular port to the TE 11c at the circular port, dashed blue line). In the inset, the electric field configuration is shown.
Considering the use of the transducer in high-energy applications, such as particle accelerators, plasma heating, etc., its power handling has been calculated at the lowest frequency of operation (11 GHz). Assuming a break-down field of 30 kV/cm, corresponding to the device filled with air, a 320 kW value has been computed for the most critical dimension in the converting section. However, the power handling level can be increased dramatically filling the device with an insulator gas like SF 6 .
III. EXPERIMENTAL RESULTS
The topology for the transducer has been selected taking into account a suitable mechanical segmentation for the full structure in a main body and a cover. In order to verify the theoretical results, two equal transducers have been manufactured in aluminum using Computer Numerical Control (CNC) machining for the two parts of each transducer, i.e., the body and the cover. The insertion loss and the return loss have been measured in a back-to-back configuration. As in other works related to transducers [19] , [23] this is the usual way to test this type of experimental prototypes involving higher-order modes whose direct characterization is not direct. In addition, as Fig. 7 shows, four different angles between the input and output ports (0 • , 45 • , 90 • and 180 • ) have been tested in order to verify the purity of the generation of the TM 01 mode. The measured results will show that the angle of connection does not affect the performance, as it would be expected due to the azimuthal symmetry of the field pattern. Fig. 8 shows the comparison between the simulated insertion loss with 0 • angle (see the inset in this figure) and the four measurements corresponding to the four different angles, considering an effective conductivity for the aluminum σ eff = 12.2 MS/m. This value takes into account the roughness of the walls and the manufacturing process. As it can be observed, the agrement is very good and the four measurements superimpose onto each other. The highest value of the insertion loss for one transducer is 0.08 dB. If the converting efficiency of a specific mode is defined as its transmission coefficient [25] , i.e., using |s 21 | 2 , the worst measured value is 98.2% in the 16.7% relative bandwidth of the design, an excellent result. Fig. 9 shows the comparison of the simulated return loss with 0 • angle rotation (see the inset in the figure) and the four measurements corresponding to the four angles, considering the same effective conductivity for the aluminum as previously. It is worth to highlight the overlapping of the four measurements. This reveals again the purity of the conversion and the negligible relevance of the propagating mode TE 11c (not suppressed by the symmetry of the structure for the cases of 0 • , 45 • , 90 • and 180 • ) and TE 11s (not suppressed by the symmetry of the structure for the cases of 45 • and 90 • ). Fig. 10 shows the transducer during the experimental characterization of the back-to-back configuration with 90 • angle between ports, connected to the Vector Network Analyzer (VNA).
IV. CONCLUSION
This papers presents a novel TM 01 mode transducer with, to the authors' knowledge, state of the art performance in Ku-band: return loss loss level higher than 28 dB (23 dB measured in back-to-back configuration) and attenuation of the non-desired propagating mode TE 11c higher than 40 dB, in a 16.7% relative bandwidth, This result is obtained with a novel waveguide arrangement based on two in-phase T-type junctions. A systematic design method has been presented for the two elements of the transducer (the converting section and the feeding network), based on a deep study of symmetries and boundary conditions for controlling the different modes, which is also used to reduce the computational effort.
In addition, the physical structure has been simplified to ease the manufacturing, since the transducer can be segmented in a simple configuration of a main body and a cover. In view that milling can be used to fabricate the two parts, the cost is dramatically reduced. Finally, in order to verify the theoretical results, a back-to-back measurement has been carried out with four different angles between the input and output ports. The excellent experimental results, with a measured converting efficiency of 98.2% in a 16.7% relative bandwidth, validate the new proposed transducer.
